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SYSTEM AND METHOD FOR
COMPENSATING TRANSMISSION DELAYS
IN TIRE PRESSURE MONITORING SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

The subject application claims the benefit of U.S. Provi-
sional application having Ser. No. 63/143,073, filed 29 Jan.
2021. The entire content of which 1s herein incorporated by
reference.

BACKGROUND

In tire pressure monitoring systems, performing auto-
location of a wheel 1s needed for a number of reasons. Tire
pressure monitoring systems generally include a sensor in or
at each wheel of a vehicle and a central controller which
receives tire pressure mformation from each sensor, to be
reported to the drniver of the vehicle. Auto-location 1s the
identification of each sensor and determination of 1ts posi-
tion on the vehicle, automatically and without human inter-
vention. Auto-location may be done mitially upon 1installa-
tion and subsequently in the event of tire rotation or
replacement. Performing auto-location involves determining
the 1dentity or serial number of a tire pressure monitoring
(TPM) sensor in each of the wheels 1n the car. In premium
vehicles, knowing the i1dentity of the TPM sensor 1n each
wheel allows a pressure by position display to be imple-
mented and shown to the driver. In base vehicles with
different placard tire pressures for front and rear axles, 1t 1s
desirable to know TPM sensor identities and positions 1n
order to check pressure against a correct threshold for an
applicable axle.

In most countries, 1t 1s mandatory for passenger car
vehicles to have a tire pressure monitoring system to alert
the driver of under inflated tires. The purpose of this 1s to
inform the driver of an unsaife operating mode relating to
one, or all of the tires on the vehicle.

Each sensor that 1s 1nstalled 1n the wheels has a unique
identification code associated with 1t, which enables the
pressure values for each wheel to be displayed on the
dashboard. If the i1dentification code for each sensor can be
assoclated with a corner of the vehicle, then the vehicle
original equipment manufacturer (“OEM”) can implement a
‘pressure by position’ display.

SUMMARY OF THE DISCLOSURE

As will be discussed in greater detail below, embodiments
included herein are directed towards systems and methods
for tire pressure monitoring. In one implementation, a
method may include transmitting a first Bluetooth Low
Energy (“BLE”) event at a Phase Auto-Location (“PAL”)
block associated with a vehicle electronic control unit
(“ECU”). The method may further include generating a
random number to be used for an inter event delay associ-
ated with a BLE system, wherein the inter event delay
includes a fixed time and a randomized delay. The method
may also include calculating a time for the randomized delay
and adding the time to an encoded Look Back Time (“LBT”)
from the first BLE event to generate frame contents. The
method may further include providing the frame contents
and the random number to a stack for transmission.

One or more of the following features may be included.
The method may include transmitting at least one of the
frame contents and the random number. Generating may
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2

occur after advertising has been requested. The first BLE
cvent may be a single event that 1s recerved prior to
transmitting. Generating a random number may include
selecting a seed from a look-up-table. Calculating a time
may include selecting a time from a look-up-table.

In another implementation, a tire pressure monitoring
system 1s provided. The system may include an electronic
control unit (“ECU”) configured to transmit or receive a first
Bluetooth Low Energy (“BLE”) event at a Phase Auto-
Location (“PAL”) block associated with the ECU. The
system may further include a processor configured to gen-
erate a random number to be used for an inter event delay
associated with a BLE system, wherein the inter event delay
includes a fixed time and a randomized delay. The processor
may be further configured to calculate a time for the ran-
domized delay and to add, using a processor, the time to an
encoded Look Back Time (“LBT1”) from the first BLE event
to generate frame contents. The processor may be further
configured to provide the frame contents and the random
number to a stack for transmission.

One or more of the following features may be included.
The at least one processor may be further configured to
transmit at least one of the frame contents and the random
number. Generating may occur after advertising has been
requested. The first BLE event may be a single event that 1s
received prior to transmitting. Generating a random number
may include selecting a seed from a look-up-table. Calcu-
lating a time may 1nclude selecting a time from a look-up-
table.

In yet another implementation, a tire pressure monitoring,
method 1s provided. The method may include transmitting
from a wheel sensor, a first frame associated with a first
Bluetooth Low Energy event (“BLE”) and adding a first
inter-frame delay to a Look Back Time (“LBT”) associated
with the first BLE. The method may further include trans-
mitting, from the wheel sensor, a second frame associated
with a second BLE event and adding a second inter-irame
delay to an LBT associated with the second BLE event. The
method may also include transmitting, from the wheel
sensor, a third frame associated with a third BLE event.

One or more of the following features may be included.
The wheel sensor may include a BLE stack configured to
allow modification of frame contents. The method may also
include transmitting data to the ECU without requiring
inter-frame delay compensation by a vehicle ECU. The
method may further include transmitting data to the ECU
without requiring that a vehicle ECU determine a recerved
channel. The method may also include transmitting data to
the ECU without requiring that a vehicle ECU store an
inter-event delay. The method may further include receiving
a scan request from the vehicle ECU. The method may also
include transmitting a scan response to the vehicle ECU. The
scan response may occur without modifying frame contents.

The details of one or more example implementations are
set forth 1n the accompanying drawings and the description
below. Other possible example features and/or possible
example advantages will become apparent from the descrip-
tion, the drawings, and the claims. Some 1mplementations
may not have those possible example features and/or pos-
sible example advantages, and such possible example fea-
tures and/or possible example advantages may not neces-
sarily be required of some implementations.

This summary 1s provided to introduce a selection of
concepts that are further described below in the detailed
description. This summary 1s not intended to 1dentily essen-
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tial features of the claimed subject matter, nor 1s 1t intended
to be used as an aid in limiting the scope of the claimed
subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present disclosure are described with
reference to the following figures.

FIG. 1 illustrates one embodiment of a tire pressure
monitoring system;

FI1G. 2 1llustrates one embodiment of a wheel unit for use
with the tire pressure monitoring system;

FIG. 3 illustrates a timing diagram highlighting a trans-
mission structure of a non-connectable advertising block
consistent with embodiments of the present disclosure;

FIG. 4 1llustrates a flowchart for reporting inter-event
delay 1n a 4 event block consistent with embodiments of the
present disclosure;

FIG. 5 illustrates a flowchart using a scan response to
provide inter-event delay to a vehicle electronic control unit
(“ECU”) consistent with embodiments of the present dis-
closure;

FIG. 6 1llustrates a flowchart for utilizing random delay
between events consistent with embodiments of the present
disclosure:

FIG. 7 illustrates a flowchart using seeding method for
generating a randomized delay consistent with embodiments
of the present disclosure;

FIG. 8 1llustrates a flowchart for modifying a Look Back
Time (“LBT”) of each frame to account for inter-frame
delay consistent with embodiments of the present disclosure;

FIG. 9 illustrates a flowchart showing how a scan
response may be used to compensate for inter-frame delay
consistent with embodiments of the present disclosure;

FIG. 10 illustrates a diagram showing inter-event delay
consistent with embodiments of the present disclosure; and

FIG. 11 illustrates a flowchart showing operations con-
sistent with embodiments of the present disclosure.

Like reference symbols in the various drawings may
indicate like elements.

DETAILED DESCRIPTION

The discussion below 1s directed to certain implementa-
tions. It 1s to be understood that the discussion below 1s only
for the purpose of enabling a person with ordinary skill 1n
the art to make and use any subject matter defined now or
later by the patent “claims” found in any 1ssued patent
herein.

It 1s specifically intended that the claimed combinations of
features not be limited to the implementations and 1llustra-
tions contained herein, but include modified forms of those
implementations including portions of the implementations
and combinations of elements of different implementations
as come within the scope of the following claims. It should
be appreciated that 1n the development of any such actual
implementation, as in any engineering or design project,
numerous implementation-specific decisions must be made
to achieve the developers’ specific goals, such as compli-
ance with system-related and business-related constraints,
which may vary from one implementation to another. More-
over, 1t should be appreciated that such a development effort
might be complex and time consuming, but would never-
theless be a routine undertaking of design, fabrication, and
manufacture for those of ordinary skill having the benefit of
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critical or essential to the claimed invention unless explicitly
indicated as being “critical” or “essential.”

It will also be understood that, although the terms first,
second, etc. may be used herein to describe various ele-
ments, these elements should not be limited by these terms.
These terms are only used to distinguish one element from
another. For example, a first object or step could be termed
a second object or step, and, similarly, a second object or
step could be termed a first object or step, without departing
from the scope of the invention. The first object or step, and
the second object or step, are both objects or steps, respec-
tively, but they are not to be considered a same object or
step.

The present invention 1s directed to systems and methods
in which a measurement from a wheel 1s combined with
antilock brake system (ABS) data to allow 1dentification of
the tire pressure monitoring sensors to a specific location on
a vehicle as well as to compensate for transmission delays 1n
a TPM system. In accordance with various embodiments of
the present mvention, a tire pressure monitoring system
comprises wheel rim or tire mounted TPM sensors, typically
four, and an Electronic Control unit (ECU) that receives
signals from the TPM sensors. In addition, the system
employs data presented to the ECU from the Anti-lock
Brake System (ABS).

FIG. 1 illustrates a tire pressure monitoring system 100
according to a first embodiment of the present disclosure.
The system 100 may be arranged 1 a standard vehicle 1
having four wheels. Four wheels include a front left wheel
(FL), a front night wheel (FR), a rear left wheel (RL) and a
rear right wheel (RR). In another embodiment, the system
100 may be arranged 1n any other vehicle having a different
number of wheels. The system 100 may include wheel units

101, 102, 103 and 104 that may be associated with each
wheel of the vehicle 1.

In some embodiments, system 100 may further include
four antilock brake system (ABS) sensors 201, 202, 203 and
204. ABS sensors 201-204 may also be associated with each
wheel of the vehicle 1. Accordingly, each wheel may be
assigned with one of the wheel units 101, 102, 103 and 104
and one of ABS sensors 201, 202, 203 and 204.

In some embodiments, system 100 may also include an
Electronic Control Unit (ECU) 300 and a receiver 400. The
ECU 300 may be coupled to the ABS sensors 201-204 via
a communication bus such as a Controller Area Network
(CAN) bus and may receive ABS data from the ABS sensors
201-204. The ECU 300 may include processor 302 and
storage 304. The ECU 300 operates to store received ABS
data in the storage 304 to provide a historic ABS trace. The
ECU 300 may be implemented by any suitable means, for
example a microprocessor, microcontroller, an Application
Specific Integrated Circuit (ASIC), or other suitable data
processing device programmed to perform the functions
described heremn. Further, the ECU 300 may communicate
with other vehicle components using any other suitable
device, either wire line or wireless. The CAN bus 1s an
exemplary implementation of data communication among
components of the vehicle.

In some embodiments, ECU 300 may also receive data
from the wheel units 101, 102, 103 and 104 via the receiver
400. For example, the wheel units 101, 102, 103 and 104
transmit radio frequency or other wireless communications
conveying data and other information to the ECU 300. The
respective wheel units may include a suitable radio trans-
mission circuit and the ECU 300 includes a suitable radio
reception circuit for radio communication. Further, the radio
circuits may use an agreed upon transmission and reception
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format and data encoding technique. The ECU 300 operates
to correlate the data received from the wheel units 101, 102,
103 and 104 with the ABS data in order to perform auto-
location, as will be discussed 1n detail below.

Referring to FIG. 2, the structure of the wheel unit 101 1s
illustrated 1n more detail. The wheel umts 102-104 may
incorporate the same structure as that of the wheel unit 101.
As shown 1n FIG. 2, the wheel unit 101 includes a micro-
controller 202, a battery 204, a transponder coil 206, a
sensor 1terface 207, a pressure sensor 208, a wheel phase
angle sensor 212, a transmitter 214 and an antenna 216. The
microcontroller 202 1s coupled to the sensor intertace 207.
The sensor interface 207 1s coupled to the wheel phase angle
sensor 212. The wheel phase angle sensor 212 measures a
wheel phase angle at multiple different times. The wheel
phase angle sensor 212 provides measurements to the sensor
interface 207. The sensor interface 207 may receive the
measurements ol the wheel phase angle sensor 212 1n the
form of an electrical output signal. The sensor interface 207
may receive the electrical output signal and amplifies and
filters the signal. The sensor interface 207 may send the
processed signal to an analog to digital converter (not
shown) 1n order to convert the signal into a digital signal.
The microcontroller 202 may receive the digital form of the
output signal from the wheel phase angle sensor 212 for
processing.

In the illustrated embodiment, the pressure sensor 208
may detect the pneumatic air pressure of the tire with which
the wheel unit 101 1s associated. In alternative embodiments,
the pressure sensor 208 may be supplemented with or
replaced by a temperature sensor or other devices for detect-
ing tire data. An indication of the tire pressure data i1s sent
to the microcontroller 202 via the analog-to-digital converter
(not shown).

In some embodiments, battery 204 may be a power source
of the wheel unit 101. The transponder coil 206 may detect
external activation of the transponder by a signal applied by
a remote exciter and may modulate a signal to communicate
data to a remote detector from the wheel umit 101. The wheel
unit 101 may provide data including tire pressure from the
pressure sensor 208 and the wheel phase angle information
from the wheel phase angle sensor 212 through the trans-
mitter 214 and the antenna 216 to the ECU 300 (see FIG. 1).

In operation, upon rotation of a wheel, wheel phase angle
sensor 212 may operate to measure a wheel phase angle. The
wheel phase angle measurements may not have to be against
an absolute reference. In other words, the phase measure-
ments do not have to be measured from a top of wheel, or
road striking point. The key piece of information may be a
phase diflerence, or a phase delta of the wheel, and therefore,
the requirement 1s that two different phase angles are mea-
sured relative to the same angle. The reference may be
arbitrarily selected based on accuracy capability and ease of
implementation. The wheel phase angle sensor 212 may be
mounted on a rim of the wheel, or a tire mounted sensor.
Alternatively, or additionally, the wheel phase angle sensor
212 may be arranged on any suitable location associated
with a wheel. In one embodiment, the wheel phase angle 212
includes a rotation sensor. For example, the rotation sensor
may be a piezoelectric rotation sensor which measures a
wheel phase angle based on the gravitational force. Specifi-
cally, as the wheel rotates, the gravitational force causes a
sensing element of the rotation sensor to experience different
forces which results 1in a different output signal representing
a wheel phase angle or wheel angular position. In that way,
the rotation sensor produces an output signal indicating a
wheel phase angle at a predetermined time. The output
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signal of the rotation sensor may have different amplitude
and/or different polarity depending on the wheel phase
angle. For instance, the rotation sensor produces the output
signal having amplitude M at 0 degree and having the
amplitude —M at 180 degree. Alternatively, or additionally,
any conventional rotation sensor may be used as the wheel
phase angle sensor 212.

In another embodiment, the wheel phase angle sensor 212
comprises a shock sensor of the type that produces an
clectrical signal 1n response to acceleration. The electrical
signal 1s indicative of, or typically proportional to, the
experienced change 1n acceleration. Alternatively, the wheel
phase angle sensor 212 may each comprise an accelerometer
or a micro-electromechanical systems (MEMS) sensor. The
main difference between an accelerometer and a shock
sensor 1s that the output signal from a shock sensor 1s related
to a change of force applied to the shock sensor, whereas the
output signal from an accelerometer 1s proportional to the
absolute force applied. Shock sensors may be implemented,
for example, with shock sensors discussed 1n commonly
owned U.S. Pat. No. 7,362,218, 1ssued Apr. 22, 2008 and
entitled Motion Detection Using A Shock Sensor In A
Remote Tire Pressure Monitor System and commonly
owned U.S. Pat. No. 7,367,227, 1ssued May 6, 2008 and
entitled Determination Of Wheel Sensor Position Using
Shock Sensors And A Wireless Solution, the disclosures of
which are incorporated here 1n its entirety. Accelerometer
sensors may be implemented, for example, with sensors
discussed 1n commonly owned U.S. Pat. No. 7,010,968,
1ssued Mar. 14, 2006 and entitled Determination Of Wheel
Sensor Position Using A Wireless Solution, the disclosure of
which 1s incorporated herein its entirety.

Referring also to FIGS. 3-10, embodiments of the present
disclosure may provide a system and method for compen-
sation of phase auto-location (“PAL”) transmission delays in
a Bluetooth Low Energy (“BLE”) based tire pressure moni-
toring (“TPM”) system. In most countries, 1t 1s mandatory
for passenger car vehicles to have a tire pressure monitoring
system to alert the driver of under inflated tires. The purpose
of this 1s to inform the driver of an unsale operating mode
relating to one, or all of the tires on the vehicle. Fach sensor
that 1s 1nstalled in the wheels may include a unique 1denti-
fication code associated with 1t, which enables the pressure
values for each wheel to be displayed on the dashboard. IT
the 1dentification code for each sensor can be associated with
a corner of the vehicle, then the vehicle OEM can implement
a ‘pressure by position” display as described above.

However, a problem may arise 11 the wheels on the vehicle
are swapped. 11 the vehicle ECU has no way of knowing that
this has happened, then the warning given to the driver will
be indicating issues with the wrong wheel position. The
Assignee of the present disclosure has addressed this par-
ticular problem using auto-location system solutions such as
wheel unit auto-location (“WAL™) and phase auto-location
(“PAL”). More information about these systems 1s available
in U.S. Pat. Nos. 8,332,103 and 8,332,104, which are each
incorporated by reference in their entirety.

TPM systems such as those 1in the patents referenced
above have traditionally used ultra-high frequency (“UHE”)
RF systems transmitting in the 315 and 433 MHz ISM bands
to transier the auto-location data from the sensor to the
vehicle ECU. OEMs are now beginning to move to Blu-
ctooth based systems to achieve further integration of the
TPM, remote keyless entry (“RKE”) systems, Passive Entry
Passive Start (“PEPS”), and entertainment systems.

BLE 1s one of the most common short range wireless
standards 1n use today and 1s available across many products
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and industries, including computing, mobile, health and
fitness and automotive. As the automotive industry moves
towards wireless vehicle architectures that use BLE, new
methods are required for manufacturing and service pro-
CEesSes.

Auto-location systems, such as PAL, may correlate the
wheel unit angular information with the vehicle ABS data
and the system must have knowledge of the elapsed time
from the wheel unit being located at a pre-determined
angular position and the vehicle ECU receiving the auto-
location data from the wheel unit. Typically, this auto-
location data may be 1ncluded as a time value encoded into
the RF frame and may include all system delays up to the
point of the RF frame being received at the vehicle ECU.

FIG. 3 shows a timing diagram highlighting a typical
transmission structure of a non-connectable advertising
block. For example, three problems may arise from chang-
ing from a proprietary UHF based wheel unit to a Bluetooth
compliant wheel unit. A first problem 1s that maintaining
Bluetooth compliance the delay between Bluetooth events
(““I _advEvent”) must be randomized and this i1s typically
controlled by the stack component of a BLE transmaitter and
unknown to the application software at the point of trans-
mission. The inter-event delay (1_advEvent) may include a
fixed time (“advInterval™) and a variable, randomized delay
between 0-10 ms called “advDelay.” Without knowledge of
the value of advDelay the vehicle ECU may be unable to
accurately correlate the PAL information from the sensor
with the vehicle ABS data. A second problem 1s that BLE
advertisements are transmitted over three separate channels
with a delay between the transmission on each channel. This
additional delay may be diflicult to compensate because the
received channel information 1s not commonly available
from the receiver. A third problem 1s that if the auto-location
data 1s transferred using a connected mode, lost frames/
events may be retried thus adding a delay that may not
visible to the application software at the sensor or receiver.

Accordingly, embodiments of the present disclosure
include numerous approaches for determining the true time
delay between two BLE events within a single block.
Embodiments of the present disclosure include a system and
method for compensating the transmitted look back time, a
critical time measurement used in the Phase Auto-Location
(“PAL”) system for TPMS, and to account for the random-
1zed inter-event and inter-frame delays that are required for
compliance 1 a Bluetooth Low Energy (“BLE”) based
system. Embodiments included herein provide details of
multiple alternative methods that would enable compensa-
tion of the transmitted look back time by the wheel unit or
vehicle electronic control umt (“ECU”).

In some embodiments, the look back time may be com-
pensated prior to the transmission of events 2—n (where n
1s the number of events in the transmitted block) by prede-
termining the random component of each inter-event delay,
advDelay, and adding to the time from the Angle Of Interest
(“AOI”) to the start of transmission of the first frame of the
previous event (or first 1f no previous). A further compen-
sation may then be applied to the reported look back time of
frames 2 and 3 of each event to account for the time between
transmission of the frames on the 3 Bluetooth advertising
channels. Embodiments included herein may provide for
compensation of transmission delays when the wheel unit
and vehicle ECU are operating in a connected mode. In this
mode of operation variability in the transmission time occurs
due to the retry mechanism. Embodiments are mcluded to
detect and compensate for the additional delay as 1s dis-
cussed 1n further detail hereinbelow.
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Retferring now to FIGS. 4-5, an example embodiment
(method la) directed to problem (1) 1s provided which
shows the reporting of transmission delays 1 a follow-up
Bluetooth event. FIG. 4 depicts an example tlowchart which
shows reporting an inter-event delay in a four event block
consistent with embodiments of the present disclosure. To
address problem (1), and without modification of the BLE
stack, the inter-event delay may be passed to the vehicle
ECU by providing the last inter-event delay in the next
transmitted event. The vehicle ECU may then use this
information to compensate the received look back time
contained within the prior event before performing correla-
tion to the ABS data.

FIG. § depicts an example flowchart which shows a
process consistent with embodiments of the present disclo-
sure using a scan response to provide an inter-event delay to
vehicle ECU. The vehicle ECU may utilize the scan
response feature to request the inter-event delay value fol-
lowing successiul decoding of an auto-location event. On
receiving a PAL event 1f the event number 1s >1, the vehicle
ECU may be configured to send a scan request on receipt of
the event. The wheel unit may provide the inter-event delay
in the scan response. This method may still require receipt
ol consecutive transmissions ifrom the wheel units and also
may require the wheel unit to power the Bluetooth radio for
a period after each transmitted event to receive the scan
request.

In some embodiments, both procedures may require the
successiul receipt of multiple events from the same trans-
mitted block. This may increase reception rate requirements
on the system and potentially require the transmission of
additional events, which may have a detrimental eflect on
battery life/current consumption.

Referring also to FIGS. 6-7, an example embodiment
(method 1b) directed to problem (1) 1s provided. Method 1b
may provide a random delay to BLE stack. In order to
overcome the requirement for the ECU to receive multiple
events within a transmitted block an example method 1s
included herein, which may be configured to provide the
application software with knowledge of the randomized
portion of the inter-event delay prior to the event transmis-
$101.

FIG. 6 depicts an example tlowchart which shows utiliz-
ing random delay between events. In the operation of a
Bluetooth stack, the stack soiftware may use a random
number generator to provide the delay for the advDelay
portion of the inter-event delay T_advEvent, after advertis-
ing has been requested to start from the application. In some
embodiments, this determination of the random advDelay
value may be completed prior to the advertising event being
scheduled by the BLE stack and added to the look back time
encoded within the transmitted frame. As such, the applica-
tion software may call the true random number generator
function and convert the returned value into a time 1n
milliseconds. The equation to perform this conversion may
be determined through knowledge of the stack operation or
through characterization. Once the equivalent time 1n muil-
liseconds has been determined this value may be added to
the look back time to be transmitted in the next event. This
operation may be performed on the second transmitted event
and all subsequent events within the current block.

Embodiments included herein provide numerous advan-
tages over existing approaches. Each event may contain all
necessary information to correlate the sensor data to the
ABS therefore only one event 1n the block may be required
by the vehicle ECU. The imnter-event spacing may remain
randomized and compliant with the requirements of the
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Bluetooth Core specification. Combining the inter-event
delay with the Look Back Time (“LBT”) may not require
any additional fields within the frame contents although
adding an additional field for the inter-event delay may be a
valid alternative.

FIG. 7 depicts an example flowchart which shows using
a seeding method for generating the randomized delay (e.g.,
“advDelay”). A further variation on the embodiment shown
in FIG. 6 may seed the random number generator with a
fixed or series of fixed values stored in a look up table
(“LUT”) or equivalent storage medium. The resulting delay
in milliseconds for each of the discrete seed values stored 1n
the look up table may be characterized in advance and be
used for look back time compensation.

Referring to FIGS. 8-9, in some embodiments, methods
for compensating the inter-frame delays as identified 1n
problem (2) above are provided. An example embodiment
(method 2a) may provide information 1n frame contents to
allow the vehicle ECU to compensate. Accordingly, to
cnable the vehicle ECU to compensate for the fixed inter-
frame delays, as shown 1in FIG. 3, 1t must have knowledge
of the advertising channel the frame was transmitted on and
the delay between transmission on each advertising channel.
IT the receiver 1s capable of reporting the received channel
to the receiver application software, and the value of the
inter-frame delay may be known to the receiver software,
then the received look back time may simply be adjusted by
adding one inter-frame delay to the received look back time
for a frame on channel 38 or two for a frame on channel 39.
Additionally and/or alternatively, the sensor may report the
inter-frame delay within the frame contents to enable the
time to be changed without requiring a change to the EC
software.

In some embodiments, processes included herein may
include the frame contents containing both the transmitted
advertising channel and the inter-frame delay. This has the
advantage of not requiring the Bluetooth ECU to have the
ability to report the received channel to the application
software or have advance knowledge of the inter-frame
delay being used.

FIG. 8 depicts an example flowchart which shows modi-
tying LBT of each frame to account for inter-frame delay. In
some embodiments, the wheel unit may modily the look
back time in each transmitted frame to account for the
inter-frame delays experienced. This requires the BLE stack
on the wheel unit to allow for modification of frame contents
between transmitted frames but removes the requirement for
the inter-frame delay to be compensated by the vehicle ECU
and for the vehicle ECU to determine the recerved channel
or store the inter-event delay.

FI1G. 9 depicts an example flowchart depicting an example
of how a scan response could be used to compensate inter
frame delay. This particular example may be used to inform
the vehicle ECU of the inter-frame delay and to use a scan
response from the sensor to transmit a current advertising,
channel back to the receiver 1n advertising data. The scan
response feature may utilize a short receive window pro-
vided by the wheel unit after each transmission to provide
the vehicle ECU an opportunity to request additional infor-
mation from the wheel unit. As discussed above in method
l1a, this has the disadvantage of requiring multiple transmis-
sions, from the wheel unit to be recerved but does at least
remove the requirement for the frame contents to be modi-
fied between frames and for the ECU to have prior knowl-
edge of the selected inter-frame delay value.

An example embodiment directed to problem (3) i1s pro-
vided which shows compensation of transmission delays
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using connected mode. While some embodiments may pri-
marily relate to operating the wheel unit 1n an advertising, or
transmit only mode (with the exception of scan response), 1t
1s also possible to transier the auto-location information by
the wheel unit and vehicle ECU entering a connected state.
Some benefits of using a connected mode are that periodic
transmissions are compliant with the Bluetooth specification
in this operating mode, so the compensation for the random
inter-event delay 1s not required. Additionally, the vehicle
ECU may adjust the time the sensor spends in the higher
current auto-location mode to match the needs of the system.
For example, if the system completes location within the
first few minutes the vehicle ECU can notify the wheel units
to stop measuring auto-location data and revert to the lower
current drive mode instead of running for the typical nine
minutes of today’s UHF systems.

Embodiments included herein may be configured to
address the handling of transmission delays 1n a connected
mode caused by resending of unacknowledged packets. For
example, while 1n connected mode, the wheel umit may
resend events when the vehicle ECU has not acknowledged
their receipt. This functionality may be handled 1n the stack
component of Bluetooth devices and may operate automati-
cally. As retried events maintain the same periodic trans-
mission rate by adding a retry count to the transmission
contents the vehicle ECU may calculate the additional
transmission delay that must be added to the reported look
back time from the wheel unait.

As used 1n any embodiment described herein, the term
“circuitry” may comprise, for example, singly or in any
combination, hardwired circuitry, programmable circuitry,
state machine circuitry, and/or firmware that stores instruc-
tions executed by programmable circuitry. It should be
understood at the outset that any of the operations and/or
operative components described in any embodiment or
embodiment herein may be implemented in soitware, firm-
ware, hardwired circuitry and/or any combination thereof.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments and 1s not intended to be limat-
ing of the disclosure. As used herein, the singular forms *“a”,
“an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
turther understood that the terms “comprises” and/or “com-
prising,” when used 1n this specification, specily the pres-
ence of stated features, integers, steps, operations, elements,
and/or components, but do not preclude the presence or
addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

The corresponding structures, matenals, acts, and equiva-
lents of means or step plus function elements in the claims
below are intended to include any structure, material, or act
for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present disclosure has been presented for purposes of
illustration and description, but 1s not intended to be exhaus-
tive or limited to the disclosure 1n the form disclosed. Many
modifications and vanations will be apparent to those of
ordinary skill 1n the art without departing from the scope and
spirit of the disclosure. The embodiment was chosen and
described 1n order to best explain the principles of the
disclosure and the practical application, and to enable others
of ordinary skill 1n the art to understand the disclosure for
vartous embodiments with various modifications as are
suited to the particular use contemplated.

Although a few example embodiments have been
described 1n detail above, those skilled 1n the art will readily
appreciate that many modifications are possible in the
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example embodiments without materially departing from
the scope of the present disclosure, described herein.
Accordingly, such modifications are intended to be included
within the scope of this disclosure as defined 1n the follow-
ing claims. In the claims, means-plus-function clauses are
intended to cover the structures described herein as performs-
ing the recited function and not only structural equivalents,
but also equivalent structures. Thus, although a nail and a
screw may not be structural equivalents in that a nail
employs a cylindrical surface to secure wooden parts
together, whereas a screw employs a helical surface, in the
environment of fastening wooden parts, a nail and a screw
may be equivalent structures. It 1s the express intention of
the applicant not to mnvoke 35 U.S.C. § 112, paragraph 6 for
any limitations of any of the claims herein, except for those
in which the claim expressly uses the words ‘means for’
together with an associated function.

Having thus described the disclosure of the present appli-
cation in detail and by reference to embodiments thereof, 1t
will be apparent that modifications and variations are pos-
sible without departing from the scope of the disclosure
defined 1n the appended claims.

What 1s claimed 1s:

1. A tire pressure monitoring method comprising:

transmitting a first Bluetooth Low Energy (“BLE”) adver-

tising event at a Phase Auto-Location (“PAL”) block
associated with a wvehicle electronic control unit

("ECU”);
generating, using a processor, a random number to be

used for an iter-event delay associated with a BLE

system, wherein the inter-event delay includes a fixed
time and a randomized delay;

calculating, using a processor, a time for the randomized

delay;

adding, using a processor, the time to an encoded Look

Back Time (“LBT”) from the first BLE advertising
cvent to generate frame contents;

providing the frame contents and the random number to a

stack for transmission:

receiving a scan request from the vehicle ECU to provide

the inter-event delay; and

transmitting the inter-event delay 1n a scan response to the

vehicle ECU, wherein the scan response occurs without
modifying frame contents between transmitted frames.

2. The method of claim 1, further comprising;:

transmitting at least one of the frame contents and the

random number.

3. The method of claim 2, wherein the first BLE adver-
tising event 1s a single event that 1s recerved prior to
transmitting.

4. The method of claim 1, wherein generating the ran-
domized delay occurs after advertising has been requested.

5. The method of claim 1, wherein generating the random
number includes selecting a seed from a look-up-table.

6. The method of claim 5, wherein calculating a time
includes selecting a time from a look-up-table.

7. A tire pressure monitoring system comprising:

an electronic control unit (“ECU”) configured to transmit

or recerve a first Bluetooth Low Energy (“BLE”) adver-
tising event at a Phase Auto-Location (“PAL”) block
assoclated with the ECU; and

a processor configured to generate a random number to be

used for an iter-event delay associated with a BLE
system, wherein the inter-event delay includes a fixed
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time and a randomized delay, wherein the processor 1s
further configured to calculate a time for the random-
1zed delay and to add, using a processor, the time to an
encoded Look Back Time (“LBT”) from the first BLE
advertising event to generate frame contents, wherein
the processor 1s further configured to provide the frame
contents and the random number to a stack for trans-
mission, wherein the processor 1s further configured to
receive a scan request from the vehicle ECU to provide
an 1nter-event delay, and wherein the processor 1is
further configured to transmit the inter-event delay 1n a
scan response to the vehicle ECU, wherein the scan
response occurs without modifying frame contents
between transmitted frames.
8. The tire pressure monitoring system of claim 7, wherein
the at least one processor 1s further configured to transmit at
least one of the frame contents and the random number.
9. The tire pressure monitoring system of claim 8, wherein
the first BLE advertising event 1s a single event that 1s
received prior to transmitting.
10. The tire pressure monitoring system of claim 7,
wherein generating the randomized delay occurs after adver-
tising has been requested.
11. The tire pressure momtoring system of claim 7,
wherein generating the random number 1ncludes selecting a
seed from a look-up-table.
12. The tire pressure monitoring system of claim 11,
wherein calculating a time 1ncludes selecting a time from a
look-up-table.
13. A tire pressure monitoring method comprising:
transmitting from a wheel sensor, a first frame associated
with a first Bluetooth Low Energy advertising event
(“BLE”);

adding a first inter-frame delay to a Look Back Time
(“LBT1”) associated with the first BLE advertising
event,

transmitting, from the wheel sensor, a second frame

associated with a second BLE advertising event;
adding a second inter-frame delay to an LBT associated
with the second BLE advertising event;

transmitting, from the wheel sensor, a third frame asso-

ciated with a third BLE advertising event;

recerving a scan request from the vehicle ECU to provide

an 1nter-event delay, wherein the inter-event delay
includes a fixed time and a randomized delay; and
transmitting the inter-event delay 1n a scan response to the
vehicle ECU, wherein the scan response occurs without
modifying frame contents between transmitted frames.

14. The method of claim 13, wherein the wheel sensor
includes a BLE stack configured to allow modification of
frame contents.

15. The method of claim 13, further comprising:

transmitting data to the ECU without requiring the inter-
frame delay compensation by the vehicle ECU.

16. The method of claim 13, further comprising:

transmitting data to the ECU without requiring that the
vehicle ECU determine a received channel.

17. The method of claim 13, further comprising:

transmitting data to the ECU without requiring that the
vehicle ECU store the mter-event delay.
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